We have found that narrow-bandgap-1.25 < Tauc Gap < 1.50 eV-amorphous silicon germanium (a-SiGe:H) alloys grown by hot-wire chemical vapor deposition (hot-wire CVD) can be improved by lowering both substrate and filament temperatures. We systematically study films deposited using a one-tungsten filament, decreasing filament temperature (T f ) from our standard temperature of 2150° down to 1750°C, and fixing all other deposition parameters. By decreasing T f at the fixed substrate temperature (T s ) of 180°C, the Ge-H bonding increases, whereas the Si-H 2 bonding is eliminated. Films with higher Ge-H bonding and less Si-H 2 have improved photoconductivity. For the series of films deposited using the same germane gas fraction at 35%, the energy where the optical absorption is 1x10 4 (E04) drops from 1.54 to 1.41 eV with decreasing T f . This is mainly due to the combination of an increasing Ge solid fraction (x) in the film, and an improved homogeneity and compactness due to significant reduction of microvoids, which was confirmed by small angle X-ray scattering (SAXS). We also studied a series of films grown by decreasing the T s from our previous standard temperature of 350°C down to 125°C, fixing all other deposition parameters including T f at 1800°C. By decreasing T s , both the total hydrogen content (C H ) and the Ge-H bonding increased, but the Si-H 2 bonding is not measurable in the T s range of 180°-300°C. The E04 increases from 1.40 to 1.51 eV as T s decreased from 350° to 125°C, mainly due to the increased total hydrogen content (C H ). At the same time, the photo-to-dark conductivity ratio increases almost three orders of magnitude over this range of T s .
INTRODUCTION
We first reported at the 1998 MRS Spring Conference that we can deposit high-quality a-SiGe:H alloys with bandgaps over 1.5 eV at high deposition rates over 10 Å/s by hot-wire CVD [1] . We then fabricated a-Si:H/a-SiGe:H tandem solar cells using these mid-gap a-SiGe:H alloys and obtained a conversion efficiency over 11% [2] . In the earlier papers, we showed that substrate temperatures over 270°C produced high-quality mid-gap materials. However for a-SiGe:H alloys below 1.5 eV (which we call narrow gap), we observed that high T s and high T f were deleterious to the film quality. Therefore, recently we focused our research on this narrowbandgap region, 1.25 eV< Tauc Gap (E Tauc ) < 1.50 eV, in different process regimes than used for our mid-gap materials [3, 4] . In this paper, we present the effect of T f and T s on the structural and optoelectronic properties of a-SiGe:H films grown by hot-wire CVD.
EXPERIMENTAL DETAILS
We deposited two sets of films. The first set was deposited by reducing T f from 2150°C to 1750°C with all other deposition parameters were fixed. The second set was deposited by reducing T s from 350°C to 125°C with all other deposition parameters fixed. See Table 1 for a list of select deposition parameters, the film thicknesses and deposition rates (D.R.) for the films examined in this paper. The hot wire deposition chamber used in this study is a 10-cm-diameter × 30-cm-long stainless steel tube mounted inside of a standard high-vacuum 6-way cross [3] . The outside of this tube is wrapped with an encapsulated resistive heater in a pattern that provides an isothermal region in the center of the tube, the location of the substrate during deposition. The filament used in this study is one tungsten wire 0.38 mm in diameter and about 22 cm in straight length and 18 cm in coiled length. The spacing from the filament to substrate is 5 cm, and the T f is calculated from tables listing the filament diameter and current, and is also calibrated by a two-wavelength pyrometer under vacuum conditions.
We deposited a-SiGe:H films simultaneously on 1737F Corning glass and c-Si wafers. We evaporated coplanar (width to length = 0.05) Cr contacts on the films on the 1737F substrates for conductivity measurements. We also performed optical measurements using an n&k 1280 analyzer on the films grown on 1737F substrates to determine the thickness (Å), bandgap (E04), which is the photon energy where the optical absorption is 1x10 4 . The Tauc bandgap is taken from the fitting of E vs. (αhυ) 1/2 , in which α is calculated by the method of interference-free determination of optical absorption coefficient [5] on the raw transmission and reflectance data.
The FTIR absorption spectra were obtained from the films deposited on c-Si wafers by a Nicolet 510 system between 400 and 4000 cm -1 . The hydrogen content of these films was determined by calculating the integrated absorption of local vibration wagging modes of Si-H, Ge-H mono-hydrogen bonds at the peak positions of about 640 cm -1 and 570 cm -1 , respectively [6, 7, 8] .
For SAXS measurement, a duplicate set of films was deposited on high-purity aluminum-foil with conditions similar to those in Table 1 . The total integrated SAXS intensity, Q T , is a good measure of the overall film heterogeneity. The SAXS technique and analysis methods are described elsewhere [11] . The SIMS measurement was also taken on the films deposited on c-Si substrate by using a Cameca IMS-5F instrument to determinate the Ge solid-phase fraction (x) in the films [12] .
RESULTS AND DISCUSSION
Between wavenumbers 1700 and 2100 cm -1 on each set of FTIR spectra, there are stretch modes of mono-hydrogen bonds of Si-H and Ge-H corresponding to the peaks at approximately 2000 and 1880 cm -1 , respectively, and di-hydrogen bonds of Si-H 2 and Ge-H 2 corresponding to the peaks at 2090 and 1980 cm -1 , respectively. Superpositions of Gaussians were used to fit these peaks. Figures 1-a and 1-b show these peak fittings for the two sets of films in their stretch band regions. We found no evidence that polyhydrides of germanium were incorporated in these films; otherwise there would be additional peaks at 830 and 760 cm -1 corresponding to the bending modes of polyhydrides of germanium (GeH 2 ) n [9, 10] , analogous to the two peaks at 890 and 845 cm -1 , which are a scissors mode corresponding to the bending modes of polyhydrides of silicon (SiH 2 ) n . Table 2 lists the results of the various measurements made on these samples listed in Table 1 . Figure 2 shows that the deposition rate (D. R.), E04, and hydrogen content (C H ) all monotonically decreased as T f decreased from 2150° to 1750°C. The C H in the films is relatively constant for this set (12-15 at.%) due to the fixed T s , but a sharp decrease of D.R. can be seen from about 10 Å/s to 1 Å/s. This demonstrates that the D.R. is mainly dependent on the filament energy under the same deposition pressure. E04 also decreased from 1.54 to 1.41 eV with decrease of T f . We observed that higher T f , resulted in higher deposition rates but due to the fixed low T s at 180°C, the films are porous due to higher fraction of microvoids that usually coexist with polyhydrides of silicon-(SiH 2 ) n . As can be seen, when T f is above 1900°C, there is a significant amount (~20% of C H ) of Si-H 2 in the film (Fig. 3) , but below 1900°C, the films improved rapidly as demonstrated by the decrease in Si-H 2 and increase in photoconductivity (Fig. 3) . The relative amount of Ge-H bonding (to total H-bonding) increases monotonically with decreasing T f (Fig. 3) . This is an additional reflection of the improvement in film quality with decreasing T f as Ge-H bonding Fig. 1-a) and T s (Fig. 1-b) . 4 reflects favorable hydrogen passivation of Ge dangling bonds. The total integrated SAXS intensity decreases monotonically with decreasing T f , whereas the Ge solid-phase fraction x increases (Fig. 4) . This inverse correlation is somewhat surprising, yet may be explained by the fact that the films with higher Ge are grown at lower deposition rates, and thus have improved microstructure.
The effects of varying filament temperature
The higher Ge at lower T f is due to the lower dissociation energy for GeH 4 relative to SiH 4 . The decrease in E04 with decreasing T f (Fig. 2) , is due primarily to the increase in Ge solid fraction (Fig. 4) , but also to improved film homogeneity and compactness due to significant reduction of microvoids indicated by the SAXS measurements (Fig. 4) . In Fig 5, we show that both E04 and C H are dependent on T s , whereas the growth rate is not strongly affected by Ts, remaining ~ 2-4 Å/s. When T s is between 200°-300°C, Si-H 2 is below the detection limit of FTIR, which is accompanied by increased photoconductivity (Fig. 6 ).
The total hydrogen C H in the films increases monotonically from ~2% to ~20% as the T s is lowered from 350° to 125°C. This large change in C H has a strong influence on E04, which increases from 1.4 to 1.5 eV with the same decrease of T s . The relative amount of Ge-H bonding is a maximum in the optimized temperature range of 200°-300°C, which correlates nicely with 6 higher photoconductivity (Fig. 6 ). The lowering of T s has a profound improvement (lowering) of the dark conductivity (Fig. 6) .
The total integrated SAXS intensity is a minimum in the optimized temperature range of 200°-300°C, whereas Ge increases monotonically with decreasing T f (Fig. 7) . The improvement of optoelectronic properties in this optimized T s range correlates nicely with the SAXS intensity, even though there is a small increase of Ge fraction x (Fig. 7) .
CONCLUSIONS
Based on above evidence, lowering T f (<1850°C) and optimizing T s (200°-250°C) can improve the structural and optoelectronic properties of narrow-gap a-SiGe:H alloys deposited by HWCVD, in which a 0.38-mm tungsten wire was used, resulting in a D.R. of about 3Å/s. The improved material has about 65% Ge, an optical band gap around 1.3 eV, and an activation energy about 0.64 eV. This material has a C H of about 10%, with over 40% of Ge-H bonding and about 60% of Si-H bonding but without detectable di-hydride bonding (Si-H 2 , Ge-H 2 ). Therefore, this material has higher photoconductivity (~ 10 -6 ) and photosensitivity (about 200-500). This material has much improved homogeneity as measured by SAXS, compared to all other such alloys with high Ge content.
